Interspecific studies of adult mammals show that heart mass (M h , g) increases in direct proportion to body mass (M b , kg), such that M h ∝ M b 1.00 . However, intraspecific studies on heart mass in mammals at different stages of development reveal considerable variation between species, M h ∝ M b 0.70-1.00 . Part of this variation may arise as a result of the narrow body size range of growing placental mammals, from birth to adulthood. Marsupial mammals are born relatively small and offer an opportunity to examine the ontogeny of heart mass over a much broader body size range. Data from 29 western grey kangaroos Macropus fuliginosus spanning 800-fold in body mass (0.084-67.5 kg) reveal the exponent for heart mass decreases significantly when the joey leaves the pouch (ca. 5-6 kg body mass). In the pouch, the heart mass of joeys scales with hyperallometry, M h(in-pouch) p 6.39M b 1.10 5 0.05 , whereas in freeroaming juveniles and adults, heart mass scales with hypoallometry, M h(postpouch) p 14.2M b 0.77 5 0.08 . Measurements of heart height, width, and depth support this finding. The relatively steep heart growth allometry during in-pouch development is consistent with the increase in relative cardiac demands as joeys develop endothermy and the capacity for hopping locomotion. Once out of the pouch, the exponent decreases sharply, possibly because the energy required for hopping is independent of speed, and the efficiency of energy storage during hopping increases as the kangaroo grows. The right ∶ left ventricular mass ratios (0.30-0.35) do not change over the body mass range and are similar to those of other mammals, reflecting the principle of Laplace for the heart.
Introduction
The principle of Laplace explains that as pressure loading and volume loading on the heart increase, so too must the thickness of the ventricular wall, ensuring that wall stress (N m 22 ) is conserved and the load is spread (Grande and Taylor 1965) . The mammalian heart operates under a considerable range of pressure and volume loads, much of which can be explained by the wide body mass range of mammals. Volume loading increases with body mass to account for the increasing requirements for cardiac output, while pressure loading increases as larger, and particularly taller, terrestrial mammals support a higher vertical column of blood above the heart (Seymour and Blaylock 2000) . Some of the variation in loading also exists independent of body mass. Large volume loads occur, for example, in mammals that are particularly athletic or in response to training (Ford 1976) , while high pressure loads are often associated with cardiac pathologies (Grossman 1980) . The thickness of the ventricular wall is closely linked to the mass of the heart and the size of the animal. Thus, the effect of volume and pressure loading on wall thickness is ultimately realized as variation in heart mass. Mammalian heart mass, therefore, has been the focus of several allometric analyses even if the underlying Laplacian principles have not always been appreciated. An allometric analysis of heart mass (M h ) against body mass (M b ) can be expressed in the form of a power equation, M h p a · M b b , where a is the scaling coefficient (elevation of the log-transformed equation) and b is the scaling exponent (slope of the log-transformed equation). If b p 1, then heart mass increases in direct proportion to body mass (isometry); if b 1 1, then it increases faster than body mass (hyperallometry); and if b ! 1, then it increases slower than body mass (hypoallometry ; Calder 1996) . Variation in mammalian heart mass due to factors independent of body mass, for example, athletic versus nonathletic species of similar size, is evident as variation on either side of the mean line describing the allometric function (Brody 1945; Poupa and Oštádal 1969) .
It is generally accepted that mammalian heart mass scales in direct proportion to body mass across species (phylogenetic) based on a number of influential allometric analyses that arrive at an exponent of b p 0.96-1.06 (Brody 1945; Stahl 1965; Holt et al. 1968; Prothero 1979; Hoppeler et al. 1984; Bishop 1997; Seymour and Blaylock 2000; Lindstedt and Schaeffer 2002) . Analyses restricted to marsupial mammals also trend toward isometry, b p 0.94-1.05 (Dawson and Needham 1981; Dawson et al. 2003) . The isometric scaling of heart mass allows stroke volume to increase in parallel (Holt et al. 1968) , while maximum stress across the wall is kept constant, at approximately 14 kPa in the case of the left ventricle (Seymour and Blaylock 2000) . Likewise, it is also assumed that heart mass scales in direct proportion to body mass during mammalian growth and development (ontogenetic). However, this generalization lacks empirical support. It is true that mice and humans tend to show isometric heart growth across postnatal development (e.g., Thompson 1942; Hou and Burggren 1989) , but in most mammal species studied to date, heart mass scales with hypoallometry across postnatal development, as shown for rats (Stewart and German 1999) , guinea pigs (data in Webster and Liljegren 1949), dogs (Deavers et al. 1972) , sheep, swine, horses, and cattle (data in Altman and Dittmer 1962) . To add further complexity, biphasic scaling has been reported for humans and the giraffe Giraffa camelopardalis, where heart mass increases with a relatively steep exponent during prenatal development before "switching" to a shallow postnatal exponent around the time of parturition (Hirokawa 1972; Mitchell and Skinner 2009) . The ability to detect two or more allometric phases of heart growth across development relies heavily on the quality of the data set: it might be easily missed if few developmental stages are incorporated into the allometric analysis, or if the analyzed body mass range is restricted. A narrow body mass range not only fails to incorporate the full scope of development, but it also runs the risk of mass-independent variation overwhelming the analysis, resulting in a derived exponent (b) that has broad confidence limits and offering little insight on the relation between body mass and heart size (Calder 1987) . Certainly with respect to placental mammals, the narrow postnatal body mass range (ca. 20-50-fold) is unavoidable. However, the postnatal body mass range of marsupial mammals is considerably broader (ca. 1,000-fold) and provides the opportunity to undertake more accurate allometric analyses of cardiac growth.
The broad postnatal body mass range of marsupials arises from their unique mode of reproduction, which consists of a short gestation period, birth to undeveloped altricial young, followed by a protracted period of lactation and development, usually within a pouch (Renfree 2006) . The anatomical changes that occur in the heart and major blood vessels when neonates shift to aerial respiration at birth are similar in marsupial and placental mammals, except that in marsupials it occurs much earlier in development. The ductus arteriosus shunt closes rapidly after birth, while the interatrial communication, which is in the form of a fenestrated septum, closes gradually over a few days, after which the pulmonary and systemic circulations are completely separated, and the left and right ventricular outputs are balanced (Runciman et al. 1995) . However, later in life, a number of structural and functional differences between the marsupial and placental heart become evident. The heart mass and stroke volume of marsupials are on average 130% of similarly sized placental mammals, while heart rate is around 50% of the placental value (Dawson and Needham 1981; Dawson et al. 2003) . Thus, the cardiac output and metabolic rate of marsupials at rest is approximately 70% of the general value for placentals (Dawson and Hulbert 1969, 1970; Hayssen and Lacy 1985) . Nonetheless, respirometry and morphometry both suggest that cardiac output and metabolic rate during heavy exercise are similar between the clades owing to the larger aerobic scope of marsupials (Kram and Dawson 1998; Dawson et al. 2003) .
The tammar wallaby Macropus eugenii is the only marsupial on which an allometric analysis of heart growth has been undertaken (Hulbert et al. 1991) . In this species, the mass of the whole heart increases in perfect isometry (b p 1.00) during postnatal development. Here, we undertake a similar analysis by examining the allometric scaling of whole-heart mass, whole-heart geometry, and the mass of the individual chambers of the heart across postnatal development in the marsupial western grey kangaroo Macropus fuliginosus. Both the tammar wallaby and western grey kangaroo engage in hopping (saltatory) locomotion; however, the western grey kangaroo grows an order of magnitude larger, occupies more open habitats suitable for sustained hopping, and is among the largest of the extant Australian macropod species. Moreover, the metabolic efficiency of hopping increases in larger species of macropod (Bennett 2000) , and we can test the hypothesis that this might unload some of the work of the heart, which would be reflected in the allometric scaling of heart mass.
Material and Methods

Animal Collection
We accompanied a licensed marksman during a planned conservation cull of western grey kangaroos Macropus fuliginosus (Desmarest 1817), 80 km south of Adelaide, Australia. The marksman shot all animals according to Australian legal requirements following the Code of Practice for the Humane Shooting of Kangaroos (http://www.environment.gov.au). Approval to scavenge organ and tissue samples from animals euthanized for conservation, or other non-research-related purposes, was provided by the University of Adelaide Animal Ethics Committee (S-2011-223) .
Heart Dissection
Body mass was determined by suspending the carcass from an appropriate spring balance (0.2-, 2.0-, 5.0-, 20-, or 100-kg capacity, Salter, Melbourne). The thoracic cavity was then opened, and the whole heart was removed, sealed in a plastic zipper-lock bag, stored under ice, and transported to the University of Adelaide. In the laboratory, congealed blood was emptied from the chambers, the major blood vessels dissected free, and the heart rinsed clean with an isotonic saline solution (0.90% w/v NaCl). The height, width, and depth of each heart were measured to 0.01 mm with digital callipers and the average calculated. Then each heart was separated into left and right atrium and left and right ventricle. The interatrial septum was dissected as part of the right atrium, and the interventricular septum was dissected as part of the left ventricle, following what have become standard procedures (Fulton et al. 1952; Keen 1955; Joyce et al. 2004) . Chambers ! 30 g were weighed to 0.1 mg (AE163, Mettler, Greifensee, Switzerland) and chambers 1 30 g were weighed to 1.0 mg (1265 MP, Sartorius, Göttingen, Germany), and then chamber masses were summed to provide total heart mass.
Statistical Analyses
All mean values are presented with 95% confidence intervals. Allometric relationships were derived by taking the log 10 of the variable and the log 10 of body mass and calculating ordinary least squares linear regressions. The slopes and intercepts of the regressions were compared using ANCOVA, with heart mass, chamber mass, or average heart dimension set as the dependent variable, and body mass as the covariate (Zar 1998) , using statistical software (GraphPad Prism 6, GraphPad Software, USA). To determine whether biphasic allometry existed in the data set, a breakpoint analysis was performed by fitting a series of two-phase linear regressions to the log 10 -transformed data of heart mass against body mass in which the intersection point was shifted along consecutive readings. The breakpoint was identified as the intersection that minimized the sum of the regressions' residual sums of squares (Yeager and Ultsch 1989; Mueller and Seymour 2011) . An ANCOVA was then performed on the two regressions to test for statistical significance.
Results
Allometry of Heart Mass
Hearts obtained from 29 western grey kangaroos over an 800-fold body mass range (0.084-67.5 kg) weighed between 0.48% and 1.03% of body mass. Full allometric power equations describing heart and chamber mass as a function of body mass are presented in figures 1 and 2. Across all individuals, heart mass increases with body mass with an exponent of 1.03 5 0.03 ( fig. 1a) . The 95% confidence interval includes 1.0 and is therefore consistent with isometry. However, two distinct regressions are evident in the data set ( fig. 1b) , and a breakpoint analysis confirms that the split between the regressions occurs at approximately 5-6 kg body mass, which is when joeys of this species typically leave the pouch (Dawson 2012) . The heart mass of pouch joeys (hereafter termed "in-pouch") scales with hyperallometry, with an exponent of 1.10 5 0.05, while the heart mass of free-roaming juveniles and adults (hereafter "postpouch") scales with hypoallometry, with a significantly lower exponent of 0.77 5 0.08 (ANCOVA, F 1, 25 p 54.5, P ! 0.0001). The biphasic allometry of heart mass is also reflected in the scaling of the heart's linear dimensions. The mean of the heart's height, width, and depth (L h , mm) scales across pouch joeys according to L h(in-pouch) p 23.9M b 0.37 5 0.03 , whereas in freeroaming juveniles and adults it scales as L h(postpouch) p 30.2M b 0.27 5 0.04 (F 1, 25 p 19.5, P ! 0.001).
Allometry of Chamber Masses
The hyperallometry of in-pouch whole-heart mass is also apparent in the scaling exponent of in-pouch left ventricle wall 1 septum mass (1.13 5 0.06; fig. 2a ) and right ventricle wall mass (1.09 5 0.05; fig. 2b ), both of which are statistically indistinguishable from the scaling exponent for in-pouch whole-heart mass (ANCOVA, F 1, 18 p 0.58, P p 0.46; and F 1, 18 p 0.019, P p 0.89, respectively), but with significantly lower elevation (F 1, 19 p 125, P ! 0.0001; and F 1, 19 p 1,929, Figure 1 . Allometric scaling of (a) whole-heart mass M h throughout development in the marsupial western grey kangaroo Macropus fuliginosus (N p 29). Also shown is the allometric scaling of (b) wholeheart mass in in-pouch joeys (open circles, N p 11) compared to freeroaming postpouch juveniles and adults (filled circles, N p 18). The allometric trajectory of heart growth decreases at ca. 5-6 kg body mass. Equations are in the form y p a · M b b , where y is the variable of interest (in grams), a is the coefficient (elevation), b is the exponent (slope), and M b is body mass (in kilograms). Dashed lines are 95% confidence limits for the regression mean. Coefficient of determination (r 2 ) and 95% confidence limits for the exponent are given. Dagger indicates inpouch exponent significantly different from corresponding postpouch exponent (ANCOVA, P ! 0.05). P ! 0.0001, respectively). In contrast, the scaling exponents of in-pouch left atrium mass (0.99 5 0.07; fig. 2c ) and right atrium mass (0.97 5 0.07; fig. 2d ) trend toward isometry and are both significantly lower than the exponent for in-pouch whole-heart mass (F 1, 18 p 8.29, P ! 0.01; and F 1, 18 p 11.0, P ! 0.01, respectively). The hypoallometry of postpouch whole-heart mass is also evident in the scaling exponent of postpouch left ventricle wall 1 septum mass (0.77 5 0.09), right ventricle wall mass (0.76 5 0.10), left atrium mass (0.82 5 0.12), and right atrium mass (0.76 5 0.08; fig. 2 ).
Discussion
In laying the foundations of allometry, Sir D'Arcy Wentworth Thompson concluded that the development of organisms is such a complex process that the uniform and constant growth of its parts would be "an unlikely and an unusual circumstance" (Thompson 1942) . Life-history events that involve a change in the animal's behavior and physiology are bound to be reflected in its anatomy. In particular, shifts in thermoregulatory ability and intensity of locomotion are expected to affect metabolic rate and hence the oxygen demand that is met by the respiratory and circulatory systems. Our ontogenetic study of western grey kangaroos demonstrates such a shift over an 800-fold range of body mass, from an 84-g joey to a 64-kg adult ( fig. 1b) . Heart mass of pouch joeys scales with hyperallometry (b p 1.10), whereas in free-roaming juveniles and adults it scales with hypoallometry (b p 0.77). The shift in exponent occurs at approximately 5-6 kg body mass, which corresponds to pouch emergence in this species (Dawson 2012) . Two other relevant changes occur across this transition: the achievement of endothermy and an increased requirement for independent terrestrial locomotion.
Biphasic Cardiac Allometry and the Shift from Ectothermy to Endothermy
Marsupials are born altricial and ectothermic, with massspecific metabolic rates that are similar to those of adults at the same body temperature, despite the great difference in body size (Rose et al. 1998) . Although marsupial neonates cannot generate their own heat, body temperature is nonetheless kept constant because of the stable temperature of the pouch (Shield 1966; Farber and Tenney 1971) . From these ectothermic beginnings, the metabolic rate and heat-generating capacity of the joey gradually increase to the point that it becomes an effective endotherm toward the end of pouch life (Petajan and Morrison 1962; Shield 1966; Setchell 1974; Loudon et al. 1985; Hulbert 1988; Rose et al. 1998) . Around this time, fur develops, mass-specific metabolic rates increase (Rose et al. 1998) , and the juvenile kangaroo is in a physiological position to continue development out of the pouch. It is relevant that the ontogenetic scaling of resting metabolic rate of marsupials follows a biphasic allometry, with the breakpoint occurring when the joey leaves the pouch. For example, the resting metabolic rate of bettongs Bettongia gaimardi (small bipedal macropod marsupials) scales with an exponent of 1.15 while in the pouch but drops to 0.63 after pouch exit (Rose et al. 1998) . Similarly, oxygen consumption rates of resting tammar wallabies Macropus eugenii, from birth at 360 mg to adulthood at 8 kg body mass, show a reduction in allometric exponent, from 0.82 in ectothermic joeys to 0.75 in endothermic joeys at foot (Frappell 2008) . There are similar changes in the scaling of ventilation rate in the tammar wallaby, and assuming a constant ventilation ∶ perfusion ratio, cardiac output would also scale biphasically (Frappell 2008) . Equivalent studies on western grey kangaroos have not been published; however, a biphasic scaling pattern in oxygen demand in this species would explain the biphasic scaling we observe in heart mass, since the mass of the heart is closely related to the circulatory work it is required to perform. The shallow heart mass exponent following pouch vacation (b p 0.77) might be partly related to the decreasing ratio of surface area to body mass with growth, which could unburden some of the cardiac load associated with the maintenance of body temperature when ambient temperatures drop well below the thermal neutral zone.
Biphasic Cardiac Allometry and the Transition to Independent Locomotion
In addition to the demands of endothermy, there is also a steady increase in locomotory capabilities as the joey makes the transition from pouch to independent life. Young pouch joeys are permanently attached to the teat and show limited movement as their hind legs are practically nonexistent (Sharman and Pilton 1964), but as development progresses, the legs become longer and muscular (Poole et al. 1985) until the joey begins to venture tentatively from the pouch (Dawson 2012) . The gradual increase in overall motility is probably important, because once joeys vacate the pouch, they have to hop as fast as their mothers. Thus, the steep scaling exponent of heart mass during in-pouch development (b p 1.10) might be partly associated with the increasing locomotory motility and the attainment of a high level of aerobic capacity necessary after pouch vacation.
The marked decrease in exponent after pouch exit (b p 0.77) is possibly associated with the fact that hopping locomotion is energetically more efficient as body size increases. In the hopping mode, speed becomes independent of metabolic rate because of the relatively high efficiency of elastic energy storage in the muscles, ligaments, and tendons of the hind limbs and tail between each hop (Dawson and Taylor 1973; Baudinette et al. 1992) . This storage increases with body mass, which accounts for the fact that, while metabolic rate is independent of increases in speed in large macropods, there is no uncoupling of metabolic rate from speed in small macropods (Baudinette 1991 (Baudinette , 1994 Bennett and Taylor 1995; Bennett 2000) . It is reasonable to expect that heart mass ultimately depends more on maximum aerobic metabolic rate than resting metabolic rate. Therefore, an increasing efficiency of hopping with larger body size would be expected to result in a shallow slope of the allometric line for heart mass. If an ontogenetic trade-off exists between relative heart size and the capacity to store energy during hopping locomotion, then this should be evident, from a functional perspective, as a shallow exponent for hopping metabolic rate across the postpouch phase of development. However, owing to difficulties associated with training large kangaroos (6-70 kg body mass) to hop at high speed on inclined treadmills (Kram and Dawson 1998) , these data have not yet been assembled.
Cardiac Allometry in Other Mammal Species
Previous allometric studies of heart growth in mammals typically report a single constant exponent across development, between b p 0.7 and 1.0 (table 1). The wide range of reported exponents suggests that the trajectory of heart growth following birth varies significantly between species. This might be influenced by the endothermic capacity and metabolic requirements of neonates at birth, the level of cardiomyocyte maturity at birth, the athletic ability of the adult animal, and potentially the scaling of other large organs in the body. Nonetheless, most of the previous studies on heart growth allometry are restricted to changes over a limited range of body size that occurs postnatally. The few studies that have encompassed both pre-and postnatal development, however, generally report biphasic heart growth allometry, supporting the idea that the development of endothermy and the associated increase in cardiac demands are related. The heart mass of humans (Hirokawa 1972) and giraffes (Mitchell and Skinner 2009 ) both increase with relatively steep exponents during prenatal growth before shifting to shallow exponents after birth. The notable exception is a study of whole-heart mass in the tammar wallaby, which scales uniformly with body mass to the 1.0 power over a 1,550-fold body mass range (Hulbert et al. 1991) . Why a break in exponent is not apparent in this hopping macropod is unclear, but it might be related to the one-tenth smaller maximum size of this animal (ca. 7 kg body mass) compared to the western grey kangaroo (ca. 70 kg). Other species-specific differences might also contribute to the different cardiac scaling in these two macropods. For instance, the more open habitats occupied by kangaroos might allow them to better exploit the energy recovery system of the hind legs and thus off-load a greater proportion of work from the heart during high-speed sustained hopping.
The Right ∶ Left Ventricular Mass Ratio
Our study appears to be the first to include an allometric analysis of growth of the individual chambers of the heart ( fig. 2 ). An examination of the scaling of each chamber provides an indication of how pressure loading, volume loading, Sources. 1, Calculated from data in Altman and Dittmer 1962; 2, Hou and Burggren 1989; 3, von Bertalanffy and Pirozynski 1952; 4, calculated from data in Hatai 1913 ; 5, calculated from data in David et al. 1981; 6, Stewart and German 1999; 7, calculated from data in Webster and Liljegren 1949; 8, Hulbert et al. 1991; 9, Deavers et al. 1972; 10, calculated from data in Stewart 1921; 11, Hirokawa 1972; 12, calculated by Rakusan (1980) from data in Mühlmann 1927; 13, calculated from data in Thompson 1942; 14, de Simone et al. 1998; 15, Mitchell and Skinner 2009. a Where possible, the 595% confidence interval is presented. fig. 2a, 2b) , exhibiting a relatively fixed ratio: a 1-kg pouch joey has a right ∶ left ventricular mass ratio of 0.30, and in a 30-kg free-roaming kangaroo, the ratio is 0.35. These ventricular mass ratios are similar to data for other mammals measured in the same way, including 0.33-0.37 in adult humans (Keen 1955; Sandstede et al. 2000) and 0.36 in greyhound dogs (Bienvenu and Drolet 1991) . The ventricular mass ratio is higher in mammalian fetuses because pulmonary and systemic blood pressures are similar, but following birth, the ratio decreases quickly as pulmonary resistance decreases. In humans, for example, the ratio decreases from 0.8 at birth to 0.4 by 3 mo of age (Keen 1955; Joyce et al. 2004 ). This postnatal change in ventricular mass ratio is not evident in our data because the youngest joey had been breathing air for approximately 3 mo, as estimated from its body mass of 85 g (Poole et al. 1985) , and smaller animals ought to develop faster than human neonates. The external work of the heart is related to the product of blood flow rate (cardiac output) and blood pressure. Given that cardiac output is the same in the two ventricles, we can examine the relationship between the pulmonary ∶ systemic blood pressure ratio and the right ∶ left ventricular mass ratio. If the geometry of the two ventricles were identical, we would expect to see muscle masses in proportion to blood pressures in the two chambers. The adult kangaroo, however, has a mean pulmonary pressure of 13.3 mmHg and a mean systemic pressure of 92.0 mmHg (Maxwell et al. 1964) , which equates to a pulmonary ∶ systemic blood pressure ratio of 0.14. This blood pressure ratio is comparable to the average ratio (0.165 0.03) calculated from 11 mammal species sourced from the literature (table 2) . Clearly, these blood pressure ratios are significantly less than the right ∶ left ventricular mass ratios observed in this and other studies of mammals (0.30-0.35). The explanation for the disparity is another example of the principle of Laplace. Because the right ventricle appears as a partial shell around the left ventricle, its radius of curvature is necessarily larger (Mirsky 1974; Huisman et al. 1980) . This geometry puts the right ventricle at a disadvantage to developing pressure, and consequently the wall must be thicker.
Application of the principle of Laplace assumes that the cross-sectional tension (pstress) produced by cardiac muscle is a constant. While this may be generally true interspecifically among mammals and birds (Seymour and Blaylock 2000) , maturation of cardiac ultrastructure, particularly during early development, requires that some caution is taken before applying the principle ontogenetically. It is well established that the volume density of the myofibril contractile machinery increases during fetal development in placental mammals (Canale et al. 1986) , and the tension developed by isolated cardiac muscle performing isometric contraction also increases over this period (Friedman 1972) . It is reasonable to suspect that similar changes to cardiac ultrastructure would also occur during in-pouch growth in marsupial mammals.
Conclusion
In summary, the heart of the western grey kangaroo follows a biphasic allometric growth pattern. During the in-pouch phase of development, heart mass increases with a relatively steep exponent (b p 1.10), which is consistent with the increase in relative cardiac demands as joeys develop endothermy and increase their capacity for hopping locomotion. Once independence from the pouch is achieved (ca. 5-6 kg body mass), heart growth in free-roaming kangaroos switches to a shallow exponent (b p 0.77), possibly because the energy required for hopping is independent of speed, and the efficiency of energy storage during hopping increases as the kangaroo grows. These findings thus offer support to our hypothesis that the increasing metabolic efficiency of hopping locomotion in larger macropods might reduce some of the work of the heart.
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